Background: The potential of gene therapy for treatment of neurological disorders can be explored using designed lipid-based nanoparticles such as liposomes, which have demonstrated ability to deliver nucleic acid to brain cells. We synthesized liposomes conjugated to cell-penetrating peptides (CPPs) (vascular endothelial-cadherin-derived peptide [pVec], pentapeptide QLPVM and HIV-1 trans-activating protein [TAT]) and transferrin (Tf) ligand, and examined the influence of surface modifications on the liposome delivery capacity and transfection efficiency of encapsulated plasmid DNA. The design of liposomes was based on targeting molecular recognition of transferrin receptor overexpressed on the blood-brain barrier (BBB) with enhanced internalization ability of CPPs. Methods: CPP-Tf-liposomes were characterized by particle size distribution, zeta potential, protection of encapsulated plasmid DNA, uptake mechanisms and transfection efficiencies. An in vitro triple co-culture BBB model selected the liposomal formulations that were able to cross the in vitro BBB and subsequently, transfect primary neuronal cells. The in vivo biodistribution and biocompatibility of selected formulations were also investigated in mice. Results: Liposomal formulations were able to protect the encapsulated plasmid DNA against enzymatic degradation and presented low hemolytic potential and low cytotoxicity at 100 nM phospholipid concentration. Cellular internalization of nanoparticles occurred via multiple endocytosis pathways. CPP-Tf-conjugated liposomes mediated robust transfection of brain endothelial (bEnd.3), primary glial and primary neuronal cells. Liposomes modified with Tf and TAT demonstrated superior ability to cross the barrier layer and subsequently, transfect neuronal cells compared to other formulations. Quantification of fluorescently labeled liposomes and in vivo imaging demonstrated that this system could efficiently overcome the BBB and penetrate the brain of mice (7.7% penetration of injected dose). Conclusion: In vitro screening platforms are important tools to enhance the success of brain-targeted gene delivery systems. The potential of TAT-Tf-liposomes as efficient braintargeted gene carriers in vitro and in vivo was suggested to be related to the presence of selected moieties on the nanoparticle surface.
Introduction
Gene therapy represents a potential transformative therapy to provide long-term effects by ameliorating the symptoms, slowing the progression or even correcting the disease, with potential applications for treatment of central nervous system (CNS) disorders. [1] [2] [3] The presence of the blood-brain barrier (BBB) and cerebrospinal fluid barrier is the main problem faced during treatment of CNS diseases. [4] [5] [6] Brain endothelial cells together with perivascular elements create a selective and dynamic cellular barrier, the BBB, which restricts the movement of molecules from the blood into the brain. 7 Many delivery strategies have been developed to attempt brain penetration, including neurosurgical, pharmacological and physiological approaches. All three techniques have disadvantages that hamper the success of the treatment. With the advances in gene transfer technologies, an alternative approach to overcome some drawbacks of the existing methods is the use of engineered nanoparticles. 8, 9 Owing to easy preparation methods, adjustable physicochemical properties and the ability to overcome the BBB, liposomes have become a widely used nanoparticle for gene delivery to the brain. 10 Many of the brain-targeted gene delivery platforms base their brain penetration strategies on targeting transferrin receptors (TfRs). 11 TfRs are highly expressed on the surface of brain capillary endothelial cells, but also found on immature erythroid cells, placental tissue and rapidly dividing cells, both normal and malignant. 12 These receptors are responsible for the transport of iron into cells and maintenance of iron homeostasis and metabolism. Consequently, TfRs play important roles in neural conductivity and proper brain function13 Taking the advantages of the TfR system as a strategy to access the brain, liposomes coupled with transferrin (Tf) ligands have demonstrated enhanced ability to cross the BBB and deliver the therapeutic agents into brain parenchyma. [14] [15] [16] [17] A relatively new and non-invasive approach for transporting pharmaceutical agents into cells is the use of cellpenetrating peptides (CPPs). CPPs are a family of various peptides of about 5-30 amino acids long, which can pass through tissue and cell membranes via energy-dependent or energy-independent mechanisms with no interactions with specific receptors, and are relatively non-toxic. [18] [19] [20] Several different criteria are used to classify CPPs. Regarding their physicochemical properties, they are divided into cationic, amphipathic and hydrophobic peptides. 21 The first CPP to be characterized was TAT, a cationic peptide derived from the trans-activating protein of HIV-1. 22, 23 The transduction ability of TAT is facilitated by the interaction of its positive charges with the negatively charged glycosaminoglycans on the cell surface. 24, 25 The carrier properties of TAT have been extensively studied, including surface modification of liposomal formulations for enhanced BBB permeation. [26] [27] [28] Amphipathic CPPs such as vascular endothelial-cadherinderived peptide (pVec) are characterized by hydrophobic and hydrophilic regions in opposite directions. The charged region interacts with the cell membrane, while the hydrophobic region causes membrane perturbation, enabling the translocation. 21, 29 The CPP pVec is an 18-amino acid peptide derived from vascular endothelial cadherin, which has shown an ability to effectively reach brain parenchyma without significant efflux out of the brain. 30 Hydrophobic peptides have a low global net charge, which could be associated with their exhibited low toxicity. The hydrophobic motif is crucial for uptake, assisting the peptide's direct translocation through the cell membrane. This could be advantageous owing to their immediate availability in cytosol eliminating issues regarding endosomal entrapment and degradation. 29, 31 The hydrophobic pentapeptide QLPVM (QL) is part of the group of pentapeptides derived from the Bax-binding domain of Ku-70 protein, also known as cell-penetrating pentapeptides. This group of pentapeptides has been reported to possess cell permeability and cell death inhibition properties. [31] [32] [33] In the present study, we compared the targeting efficiency of TfR-targeting liposome-encapsulated cargo (plasmid DNA) conjugated to different classes of CPP (TAT, pVec, QL) via uptake and transfection studies, and the ability of these systems to cross an in vitro BBB model followed by transfection of primary neuronal cells. We quantified the transport of the liposomal formulations across a co-culture BBB model comprised of brain endothelial cells and glial cells, and the ability of these liposomes to transfect primary neuronal cells cultured in the same system. The in vitro BBB model was used as a screening tool to select the liposomal formulations with the best performance and subsequent investigation of their potential to cross the in vivo BBB and reach the brain after intravenous injection into mice ( Figure 1 ). The in vivo tissue distribution and biocompatibility of liposomes were also investigated.
Materials and methods

Synthesis of CPP with DSPE-PEG 2000 -NHS and Tf with DSPE-PEG 2000 -NHS
In brief, CPPs (pVec [LLIILRRRIRKQAHAHSK], QL and TAT (YGRKKRRQRRR); Ontores Biotechnologies Inc, Hangzhou, Zejiang, China) were reacted with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethyleneglycol)-2000]-N-hydrixysuccinimide (DSPE-PEG 2000 -NHS) (Biochempeg Scientific, Watertown, MA, USA) at 1:5 molar ratio in anhydrous dimethylformamide (DMF), adjusted pH to 8.0-9.0 with triethylamine. 34 The reaction was carried out at room temperature for about 120 hours with moderate stirring. The final product was dialyzed in deionized water for 48 hours using a dialysis membrane with molecular weight cut-off of 3,500 Da to remove uncoupled CPPs. Following dialysis, the product was lyophilized and stored at −20°C until use. Holo-Tf (Sigma, St Louis, MO, USA) was conjugated to DSPE-PEG 2000 -NHS (125 µg Tf/µM phospholipid) in anhydrous DMF, and adjusted to pH to 8.0-9.0 with triethylamine under gentle stirring for 24 hours at room temperature. 35 
Preparation of liposomal formulations
For liposome preparation, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/2,3-dioleoyl oxy-propyl-trimethylammonium chloride (DOTAP)/cholesterol/CPP-PEG-lipid (Avanti Polar Lipids, Alabaster, AL, USA) were mixed in chloroform:methanol (2:1, v/v) at a molar ratio of 45:45:2:4 mol%, respectively. [36] [37] [38] The solvents were evaporated, and the thin lipid film was hydrated with HEPES buffer (pH 7.4) yielding CPP-liposomes. Labeled liposomes were prepared by adding DiI or Lisamine rhodamine B (0.5 molar ratio) to the phospholipid mixture. CPP-liposomes were stirred overnight with Tf-micelles (4 mol%) to form CPP-Tf-liposomes. A Sephadex G-100 column was used to remove the free Tf-micelles from the liposomal formulations. Chitosan-plasmid DNA complexes (N/P of 5) were added to the hydration buffer for incorporation into liposomes (1 μg pDNA complexed with chitosan/100 nM liposomes). 
Characterization of liposomes
The hydrodynamic size, polydispersity index (PDI) and zeta potential of the liposomal formulations were determined using a Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) at 25°C. [36] [37] [38] Morphological examination of liposomes was performed via transmission electron microscopy (TEM) (JEM-2100; JEOL, Peabody, MA, USA). Encapsulation efficiencies of chitosan-pDNA complexes into liposomal formulations were determined using Hoechst 33342 (0.15 µg/mL). Fluorescence intensity was measured using a SpectraMax M5 spectrophotometer (Molecular Devices, San Jose, CA, USA) at λ ex 354 nm and λ em 458 nm. Percent encapsulation was calculated following the equation: Encapsulation efficiency (EE) = (F Total -F NE )/ F Toatl ×100%, where F Total is the fluorescence intensity of total amount of plasmid (addition of Hoechst 33342 followed by addition of Triton X-100) and F NE is the fluorescence intensity of non-encapsulated plasmid into liposomes (addition of Hoechst 33342). [36] [37] [38] To investigate the stability of liposomes, TAT-Tf-liposomes were added to 1 mL culture medium containing 10% FBS. Variations in particle size of liposomes were analyzed after 1 hour, 24 hours and 7 days of incubation at 37°C. 39 Release of pDNA from liposomal formulation was determined by incubating the liposomal formulation containing 50 µg of pDNA in 30 mL of PBS (pH 7.4) with 10% FBS at 37°C under constant shaking at 50 rpm. At predetermined time intervals, 300 µL of suspension was withdrawn and centrifuged at 30,000 g at 4°C for 30 minutes. After staining with Hoechst 33342 (0.15 µg/mL), the content of pDNA was determined using a fluorescence spectrophotometer. The cumulative amount of pDNA released from the liposomes was calculated. 38, 39 Protective properties of liposomal formulations against nucleic acid digestion by DNases Protection of pDNA by liposomal formulations against enzymatic degradation was evaluated by a DNase I protection assay. 37, 38 Liposomal formulations containing 1 µg pDNA were incubated for 60 minutes at 37°C with 1 unit DNase I. Naked pDNA with DNase I was used as a positive control. Addition of 5 µL of EDTA (100 mM) stopped the reaction. Complexes were dissociated with 20 µL of heparin (5 mg/mL) incubated for 2 hours at room temperature. The released pDNA samples were subjected to agarose gel electrophoresis 0.8% (w/v) stained with EtBr (0.5 µg/mL) and electrophoresed at 80 V in 0.5× Tris-acetate-EDTA (TAE) (Bio-Rad, Hercules, CA, USA) buffer for 80 minutes. Cell culture and animals Different cell lines were cultured for in vitro studies: mouse brain endothelial cells (bEnd.3 cells), primary rat glial and primary rat neuronal cells. The bEnd.3 cells were obtained from ATCC (Manassas, VA, USA) and cultured in DMEM 10% v/v FBS (Omega Scientific, Tarzana, CA, USA) and 1% v/v antibiotics (Corning, Corning, NY, USA). Primary cultures of glial and neuronal cells were obtained from dissected brain of 1-day-old Sprague-Dawley rats, as follows. 40 In brief, the blood vessels and meninges were removed from dissected brains, which were chopped into small pieces. The brain areas were suspended in DMEM containing 0.25% trypsin and DNase I (8 µg/mL) and placed in a shaker bath at 37°C to dissociate the cells. For preparation of primary glial cultures, the dissociated cells were diluted with DMEM 10% v/v FBS and 1% v/v antibiotics and centrifuged at 1,500 rpm for 10 minutes. Then, cells were cultured in DMEM 10% v/v FBS and 1% v/v antibiotics. The purity of glial cultures was tested by immunostaining for glial fibrillary acidic protein (GFAP) and were considered ideal when they consisted of >80% glial cells. To obtain primary neuronal cells, the dissociated cells were diluted with DMEM 10% v/v plasmaderived horse serum 1% v/v antibiotics and centrifuged at 1,500 rpm for 10 minutes. Cells were incubated in DMEM 10% v/v 1% antibiotics for 3 days. On day 3, cells were treated with 10 µM cytosine arabinoside to provide cultures enriched in neuronal cells. After 2 days, the medium was replaced, and the cells were allowed to grow for a further 10 days before being used in experiments. The purity of the culture was tested by immunostaining for anti-MAP2 antibody. Cells were incubated in an atmosphere of 5% CO 2 at 37ºC. All animal experiments with rats or mice were conducted in accordance with the protocol approved by the Institutional Animal Care and Use Committee (IACUC) at North Dakota State University (Protocol A17078). Male/ female Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA) and C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) were maintained under standard housing conditions, and controlled temperature and light conditions (12-hour dark/light cycle) with free access to food and water.
Cell viability assay
The cell lines, bEnd.3, primary glial and primary neuronal cells (1×10 4 cells/well) were plated on 96-well plates and cultured for 24 hours. 38, 41 The cells were treated for 4 hours with liposomal formulations at different phospholipid concentration (100, 200, 400 and 600 nM). After 48 hours, MTT (Sigma, St Louis, MO, USA) method was used to determine cell viability. Untreated cells were used as a control and the viability was expressed as the percentage of the absorbance of control.
Cellular uptake and internalization mechanisms
Cellular uptake study Cellular internalization was measured by labeling the liposomes with DiI. bEnd.3, glial and primary neuronal cells (1×10 5 cells/well) were seeded on to 24-well plates 24 hours before the uptake analysis. 37, 38 Media were replaced for liposomal formulations (100 nM) and incubated at different time intervals. Following liposomal uptake, cells were washed three times with PBS (pH 7.4) to remove unbound liposomes. Cell membranes were lysed with Triton X-100 1% v/v followed by extraction of fluorescent dye in methanol, and the fluorescence was read by spectrofluorometric methods (λ ex 553 nm, λ em 570 nm).
Uptake mechanism
The aforementioned cells were pretreated for 30 minutes at 37°C with different endocytosis inhibitors: sodium azide (10 mM) to inhibit all energy-dependent endocytosis, chlorpromazine (10 µg/mL) to prevent clathrin-mediated endocytosis, colchicine (100 µg/mL) to inhibit caveolae formation, and amiloride (50 µg/mL) to block micropinocytosis. Thereafter, the cells were treated for 4 hours with DiI-liposomal formulations (100 nM). 41 Fluorescence intensity was analyzed using a spectrophotometer (λ ex 553 nm, λ em 570 nm) and a fluorescence microscope (Leica DMi8; Leica Microsystems, Buffalo Grove, IL, USA).
In vitro transfection efficiency
After 24 hours of culturing bEnd.3, primary glial and primary neuronal cells (1×10 6 cells/well) on six-well plates, the cells were treated for 4 hours with liposomal formulations (100 nM) containing either chitosan-plasmid vector encoding green fluorescent protein (pGFP) (gWiz GFP; Aldevron, Fargo, ND, USA) or plasmid vector encoding β-galactosidase (pβgal) (gWiz βgal; Aldevron) complexes. 35, 39 Media were replaced and cells were incubated for 48 hours. The percentage of cells expressing green fluorescent protein (GFP) was analyzed using a flow cytometer (BD Accuri C6; BS Biosciences, San Jose, CA, USA) with λ ex 488 nm and λ em 533/30 nm (optical filter FL1). GFP expression in cells was also observed 
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using a fluorescence microscope. The induction of β-galactosidase enzyme activity was quantified using a β-galactosidase reagent assay (Promega Corporation, Madison, WI, USA). In brief, cells were lysed using βgal assay buffer and incubated with substrate for 60 minutes at 37°C. After the addition of stop solution, the absorbance was measured at 420 nm. Total cellular protein levels were determined by the BCA protein assay.
In vitro transport across co-culture BBB model
For the in vitro BBB model, 42, 43 glial cells (1.5×10 4 cells/cm 2 ) were seeded on the bottom side of polycarbonate transwell inserts (0.4 µm pore size and 0.33 cm 2 culture area) and bEnd.3 cells (1.5×10 4 cells/cm 2 ) were seeded on the upper side of culture inserts. Formation of tight junctions was assessed by measuring transendothelial electrical resistance (TEER) values using the EVOM 2 (World Precision Instruments, Sarasota, FL, USA). Inserts containing only bEnd.3 cells on the upper side and inserts with only glial cells on the underside were also constructed and maintained similarly. Lissamine rhodamine labeled-liposomes (100 nM) and sodium fluorescein (Na-F, 100 µg/mL, molecular weight 376 kDa) were added into the inserts containing the in vitro BBB model. 37 The flux of liposomal formulation and Na-F was evaluated in sterile PBS (pH 7.4) containing 10% FBS. The inserts were transferred at 0.25, 0.5, 1, 2, 4 and 8 hours to new wells with serum-PBS. Fluorescence intensity in the upper and the lower compartments was determined by a spectrophotometer (λ ex 560 nm, λ em 580 nm) and the percentage transport was calculated over a period of 8 hours. The permeability of the endothelial barrier was calculated using the following equation: 1/ P e =1/P t -1/P f (cm/s), where P t is the permeability coefficient of the total system (in vitro model) and P f is the permeability coefficient across cell-free inserts. The permeability coefficient for each liposomal formulation is calculated by dividing the amount of liposomes transported per minute (µg/min) through the total system (P t ) or cell-free insert (P f ) by the surface area of the transwell membrane (cm 2 ), by the initial concentration of liposomes (µg/mL) and by 60 (conversion factor from minutes to seconds). Na-F (molecular weight 376.275 g/mol) (100 µg/mL) was used as a barrier integrity marker for the study of permeability. The integrity of the barrier layer after the study was evaluated by comparing TEER before and after (8 hours) liposome transport across the in vitro BBB using the EVOM 2 2 Liposome transfection efficiency in the triple cell culture model Primary neuronal cells were seeded in 24-well plates, and culture inserts seeded with bEnd.3 cells and glial cells were placed in the same wells containing primary neuronal cells. 44 Liposomal suspensions (100 nM) encapsulating pGFP (1 µg) were added to the upper compartment of the inserts and incubated for 8 hours. Then, the inserts were removed, and the media were replaced with fresh media. After 48 hours, the percentage of cells expressing GFP was analyzed using a flow cytometer and fluorescence microscope.
Blood compatibility study
Freshly harvested blood from Sprague-Dawley rats was centrifuged (1,500 rpm, 10 minutes) and washed three times with PBS 10 mM CaCl 2 . After blank (PBS), positive control (Triton X-100 1%) and liposome dilutions (31.25-1,000 µM) were prepared, erythrocyte solution containing 1.5×10 7 cells was added and incubated for 1 hour at 37ºC, 5% CO 2 . Then, the cell suspension was centrifuged at 1,500 rpm for 10 minutes. The supernatant was removed and the absorbance (540 nm) of released hemoglobin was measured and transformed into the hemolysis percentage, considering the absorbance in the presence of Triton X-100 as 100%. 35, 36 All experiments were performed in triplicate and repeated four times.
In vivo biodistribution and biocompatibility
Biodistribution studies were performed using six animals per group (three male and three female), which were intravenously injected through the tail vein with either PBS or fluorescently labeled liposomes (TAT-lip and TAT-Tf-lip) at a dose of approximately 15.2 µmoles phospholipid/kg body weight. 35, 37 After 24 hours of administration, fluorescently labeled liposomes were quantified in brain, liver, lungs, kidneys, heart, spleen and blood. The tissues were weighed, homogenized with PBS and fluorescent dye extracted in chloroform:methanol (2:1, v/v). The fluorescence intensity was measured by a spectrophotometer at λ ex 560 nm and λ em 580 nm. Data were normalized with the control group, ie, PBS administration. For biocompatibility studies, tissue sections (30 µm) were stained with H&E and signs of inflammation, necrosis, morphological alterations and cellular damage were evaluated.
Statistical analysis
Data were expressed as mean ± SD and were evaluated using one-way ANOVA followed by Tukey's multiple comparison post-hoc test (GraphPad Prism version 5.0; GraphPad Software, La Jolla, CA, USA). Statistical significance was considered at p<0.05. Six mice per in vivo experimental condition were used to provide statistically valid data.
Results
Preparation and characterization of liposomal formulations
The peptides (pVec, QL and TAT) and Tf protein were successfully conjugated to DSPE-PEG 2000 -NHS, obtaining coupling efficiencies of 76.7±1.0%, 84.2±0.1%, 77.5±0.2% and 75.1±1.0% for pVec, QL, TAT and Tf, respectively. Unbound Tf was removed from liposomal formulations to eliminate the impact of free Tf. Preparation of CPP-liposomes involved the thin lipid film rehydration method, while Tf-CPP-liposomes followed the subsequent post-insertion method. Liposomal formulations had an average size of approximately 155 nm and a positive zeta potential. Liposome surface modifications had no negative effect on encapsulation efficiencies of pDNA, which were above 80% for all liposomal formulations. A detailed description of the particle size, PDI, zeta potential and encapsulation efficiencies of chitosan-pDNA complexes into liposomes can be observed in Table 1 . The TEM images revealed that TATliposomes ( Figure 3A ) and TAT-Tf-liposomes ( Figure 3B ) encapsulating chitosan-pDNA complexes had spherical morphology. The stability of liposomal formulations was investigated in the presence of FBS. We observed that the presence of FBS during 1 hour, 24 hours and 7 days of incubation did not cause significant changes in the particle size of liposomes (Table S1 ). In addition, the release of pDNA from the liposomes ( Figure 3C ) showed that liposomes could release pDNA in a sustained manner.
Liposomes' effective protection of encapsulated pDNA against DNases
The protective effect of liposomal formulations containing chitosan-pDNA complexes against enzymatic degradation was evaluated in the presence of DNase I ( Figure 3D ). Free pGFP was used as a positive control and pGFP + DNase I as a negative control. Each liposomal formulation (pVec-lip, pVec-Tf-lip, QL-lip, QL-Tf-lip, TAT-lip and TAT-Tf-lip) containing chitosan-pGFP complexes was exposed to DNase I. Analysis of the samples was performed through gel agarose electrophoresis. In Figure 2D , lane a corresponds to free pGFP and the integrity of pDNA sample was demonstrated by the presence of a bright DNA band. The presence of DNase I in the pGFP sample degraded completely the pDNA, as observed by the absence of the pDNA band in Figure 2D 
In vitro cell viability assay
The cytotoxicity potential of liposomal formulations was assessed in bEnd.3 ( Figure 4A ), glial ( Figure 4B ) and primary neuronal cells ( Figure 4C ) by quantifying cell viability after 4 hours of treatment with different liposomal concentrations (100, 200, 400 and 600 nM) using the MTT assay. The wells containing only cells and medium were considered as having cell viability of 100%. Liposomal formulations presented a concentration-dependent cytotoxic effect in bEnd.3, glial and primary neuronal cells. The cell viability of the aforementioned cells exposed to 100 nM liposomes was on average 90%, and was significantly reduced to 65% at 600 nM phospholipid concentration. Owing to the low cytotoxicity of liposomal formulations at 100 nM phospholipid concentration in the tested cells, this concentration was chosen for the following experiments.
Cellular uptake
The quantification of pVec-lip, pVec-Tf-lip, QL-lip, QL-Tflip, TAT-lip and TAT-Tf-lip penetration in bEnd.3, glial and primary neuronal cells ( Figure 5 ) depicted a time-dependent uptake. A significant increase (p<0.05) in liposomal uptake was observed from 0.1 to 4 hours of incubation in the aforementioned cells. The uptake of all liposomal formulations increased on average from 33% to 71% in bEnd.3 cells ( Figure 5A ) after 1 hour and 4 hours of incubation, respectively. The percentage uptake quantified in glial cells ( Figure 5C ) increased from 35% to 66%, on average, after the same time interval. In primary neuronal cells ( Figure 5E ), an increase in liposome uptake from 33% to 65%, on average, was observed after 1 hour and 4 hours of incubation, respectively. The contribution of endocytosis to liposomal internalization was investigated by pretreating the cells with known inhibition of uptake of all liposomal formulations, but higher inhibition was observed in dual-modified liposomes compared to single-modified liposomes. In general, the results highlighted energy-dependent endocytosis as the main mechanism for liposome internalization into cells. The uptake after sodium azide pretreatment in bEnd.3 cells ( Figure 5B ) for pVec-lip, QL-lip and TAT-lip was 23.4%, 40.8% and 49.9%, respectively, versus 13.2%, 17.9% and 19.9% for PF-Tf-lip, QL-Tf-lip and TAT-Tf-liposomes, respectively. In glial cells ( Figure 5D ), the uptake after sodium azide pretreatment was 17.3%, 27.6% and 44.3% for pVec-lip, QL-lip and TAT-lip, respectively, versus 13.6%, 18.3% and 15.1% for pVec-Tf-lip, QL-Tf-lip and TAT-Tf-liposomes, respectively. The uptake in primary neuronal cells ( Figure 5F ) in the same conditions was 23.1%, 17.0% and 36.5% for pVec-lip, QL-lip and TAT-lip, respectively, versus 19.1%, 17.5% and 26.7% for pVec-Tf-lip, QL-Tf-lip and TAT-Tf-liposomes, respectively. The internalization of pVec-liposomes in bEnd.3 cells showed lower dependence of the caveolae-mediated endocytosis pathway, which inhibited the uptake by 28%, but a superior impact of clathrin-mediated endocytosis and macropinocytosis, corresponding to approximately 70% and 60% uptake inhibition, respectively. In glial and primary neuronal cells, a similar contribution of the studied pathways was observed in pVec-liposome uptake. Clathrin-and caveolaemediated endocytosis was important for pVec-Tf-liposome uptake in bEnd.3 cells, causing 80% uptake inhibition, and macropinocytosis had a lower impact, reducing the uptake by 24%. An equivalent contribution of the investigated endocytosis pathways was observed on the uptake of pVec-Tf-liposomes in glial and primary neuronal cells. In contrast, a low influence of endocytosis pathways was observed on QLliposome uptake in bEnd.3 (<20% uptake inhibition for all pathways) and glial cells (<25% uptake inhibition for all pathways), suggesting that the transport could occur also through passive transport. Clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis participated in the uptake of QL-liposomes with equivalent contribution in primary neuronal cells. Internalization of QL-Tf-liposomes into the cells showed the participation of all three investigated endocytosis pathways. Penetration of TATliposomes into bEnd.3 and primary neuronal cells showed an average of 79% uptake reduction for clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis. On glial cells, macropinocytosis was significantly inhibited (68%). All studied pathways were involved in TAT-Tf-liposome internalization into the bEnd.3, glial and primary neuronal cells.
Transfection efficiency
The GFP levels in bEnd.3 ( Figure 6A ), primary glial ( Figure 6B ) and primary neuronal cells ( Figure 6C ) treated with liposomal formulations containing chitosan-pGPF complexes and Lipofectamine 3000/pGFP were quantified by flow cytometry. The liposomal formulations conjugated with both CPP and Tf could induce higher GFP gene expression in the aforementioned cells compared to liposomes conjugated only with CPP. Furthermore, TAT-Tfliposomes could significantly (p<0.05) enhance the number of bEnd.3 (62.3%) and primary glial cells (41.3%) expressing GFP compared to the other formulations. TAT-Tf-liposome treatment resulted in 12.8% of primary neuronal cells expressing GFP, which was significantly (p<0.05) higher compared to the GFP levels induced by Lipofectamine 3000 (6.7%), Lip (3.8%), pVec-lip (6.3%) and QL-liposomes (5.6%). The expression of GFP in bEnd.3, primary glial and primary neuronal cells was also observed using a fluorescence microscope ( Figure 6D) . A differential extent of GFP expression was observed in each cell line, with bEnd.3 cells expressing the highest levels, followed by primary glial and then primary neuronal cells.
Following the same trend observed in transfection studies with liposomes containing chitosan-pGFP complexes, TAT-Tf-liposomes containing chitosan-pβgal complexes ( Figure S2 ) showed significantly (p<0.05) higher ability to induce protein expression in bEnd.3 (12.6 mU of βgalactosidase/mg of total protein), primary glial (3.8 mU of β-galactosidase/mg of total protein) and primary neuronal cells (1.4 mU of β-galactosidase/mg of total protein) compared to the other liposomal formulations. Again, the protein expression was induced to a differential extent in the tested cells. The highest levels of proteins were quantified in bEnd.3 cells, followed by primary glial cells and primary neuronal cells.
Transport of liposomes across the in vitro BBB model and membrane integrity
The quantification of transport of liposomal formulations across the in vitro BBB model detected a significantly (p<0.05) higher amount of TAT-Tf-liposomes in the lower chamber compared to the other liposomal formulations after 2, 4 and 8 hours of incubation ( Figure 7A ). The permeability coefficient of TAT-Tf-liposomes was 5-fold higher than that 
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of Na-F, a barrier integrity marker ( Figure 7B ). In addition, the permeability of TAT-Tf-liposomes was 2.2-fold higher than of pVec-lip, 1.7-fold higher than that of Lip, pVec-Tflip, QL-lip and TAT-lip, and 1.5-fold higher than that of QL-Tf-lip. The TEER of each insert administered with pVec-lip, pVec-Tf-lip, QL-lip, QL-Tf-lip, TAT-lip and TAT-Tf-lip was monitored to keep them similar to control levels throughout the transport detection ( Figure 7C ), indicating that liposomes had not disrupted the in vitro barrier layer.
Transfection in primary neuronal cells after transport of liposomes across the in vitro BBB model
The ability of liposomal formulations to transfect primary neuronal cells after transport of liposomes across the in vitro BBB model was assessed with liposomes surface-modified with CPP and Tf owing to their enhanced transfection efficiency compared to CPP-liposomes. TAT-Tf-liposomes containing chitosan-pGFP complexes induced significantly (p<0.05) higher GFP levels compared to pVec-Tf-lip and QL-Tf-lip ( Figure 8A ), which were quantified using flow cytometry (7.2% vs 4.2% and 2.8% GFP-expressing cells, respectively). The expression of GFP induced by these liposomal formulations was confirmed by fluorescence microscopy (Figure 8B ).
Hemolytic potential
The effect of liposomal formulations at different phospholipid concentrations on rat erythrocytes was evaluated after 1 hour of incubation at 37°C (Figure 9 ). The hemolytic activity of liposomal formulations showed concentrationdependent hemolysis. The lowest phospholipid concentration (31.25 nM) resulted in an average of 1.4% hemolysis, which gradually increased to 12.2% hemolysis at 1,000 nM phospholipid concentration. In vivo biodistribution and biocompatibility
The ability of lissamine rhodamine-labeled liposomal formulations to cross the BBB was evaluated by quantification of fluorescence intensity of the dye and near-infrared (NIR) imaging. After 24 hours of TAT-lip and TAT-Tf-lip administration via the tail vein, a considerable number of liposomes remained in the liver, kidneys, heart and lungs ( Figure 10A ). Furthermore, the developed liposomes were also found in the brain, 3.1% of injected dose (ID)/g of tissue for TAT-liposomes and 7.7% ID/g of tissue for TAT-Tf-liposomes. NIR imaging ( Figure 10B ) confirmed the superior efficiency of TAT-Tf-liposomal nanoparticles to penetrate the brains of mice compared to TAT-liposomal nanoparticles, which indicates that dual-modified liposomes had stronger efficacy in brain targeting.
Treatment of mice with liposomal formulations (~15.2 µmoles of phospholipids/kg body weight) did not induce mortality or clinical signs of toxicity (eg, body weight loss, or changes in skin/fur or behavioral patterns). The evaluation of tissue sections stained with H&E did not show changes in tissue morphology or any signs of inflammation or cellular damage, suggesting that there was no toxicity in the animals under the tested conditions ( Figure 11 ).
Discussion
In this study, we designed liposomal formulations through surface coupling of selected moieties as a targeting agent for brain delivery and efficient transfection. We performed in vitro screening of the multi-functionalized liposomes to select the most appropriate gene carrier for in vivo studies. We focused on targeting TfRs, which are overexpressed on the surface of brain endothelial cells, for specific brain delivery of pDNA. Enhancement of liposome delivery and transfection properties was intended by conjugating CPPs on the liposome surface. Liposomal characteristics were optimized to obtain homogeneous and stable gene carriers.
Having high DNA packing ability, low immunogenicity and the capacity for large-scale production, liposomes are one of the most commonly used gene delivery vectors. 45 Our liposomal formulation constituted of an equimolar mixture of DOTAP, a cationic lipid, and DOPE, a zwitterionic lipid. A balance between DOTAP/DOPE would provide improved liposome translocation into cells and reduced cytotoxicity and, consequently, would promote transfection. [46] [47] [48] The hydrophilic and inert polymer DSPE-PEG imparted a steric barrier to the surface of nanoparticles, mitigating the binding of serum proteins, which would avoid reticuloendothelial system recognition and clearance, leading to extended systemic circulation of nanoparticles. 49 Sufficient PEG coverage of the liposome surface in the presence of 8 mol% PEGylation was intended to maximize the protection against opsonization. 27, 50 The physicochemical properties of liposomes contributed to the encapsulation and protection of pDNA against enzymatic degradation. With the use of well-known phospholipids and ligands, the safety and biocompatibility of liposomal formulations were predictable and controllable. As expected, the nanoparticles showed low hemolytic potential as well as low cytotoxicity in bEnd.3, glial and primary neuronal cells at low phospholipid concentrations.
To understand further the role of coupled moieties in liposome internalization and transfection efficiency, in vitro cellular uptake and transfection studies were performed in bEnd.3, glial and primary neuronal cells. Using fluorescently labeled liposomes, we showed that cellular uptake of liposomal formulations occurred in a time-dependent manner via multiple endocytosis pathways, in which clathrin-mediated endocytosis and caveolae-mediated endocytosis played important roles. Furthermore, the results suggest that liposome uptake is a function of surface modifications as well as cell type, which is in good agreement with studies performed with surface-modified liposomes. 51, 52 Studies performed with pVec have shown its ability to internalize murine brain endothelial cells and accumulate in the nucleus. 53 Cellular translocation of amphiphilic peptides such as pVec was suggested to occur through initial contact of peptide-positive charges with the cell membrane, 54 and was based on both non-endocytic and endocytic pathways. 55, 56 As suggested by studies performed with hydrophobic pentapeptides, penetration of QL-liposomes into cells took place through non-energy-dependent as well as energy-dependent mechanisms. 31, 32 Electrostatic interaction between the anionic cell membrane and cationic liposomes conjugated to TAT is believed to be the first step in carrier internalization. Several studies have investigated the contribution of endocytotic pathways on the uptake of TAT; however, no predominant endocytotic pathway was observed. 27, [57] [58] [59] The interaction with the plasma membrane could be changed by peptide concentration and cargo properties, resulting in activation of different entry routes. Consistent with those findings, our results suggested that TAT-liposomes may not only use different endocytotic pathways for cellular entry but also use non-endocytotic entry routes. For dualmodified liposomes (pVec-Tf-lip, QL-Tf-lip and TAT-Tflip), the results strongly indicated entry through multiple endocytosis pathways and a low contribution of non-endocytotic routes. We hypothesize that cell entry via distinctive pathways could be triggered by differential interaction of nanoparticles with the plasma membrane, and that such interactions would depend on several variables, including the plasma membrane composition, the cationic characteristics of liposomes and the ligands. It is likely that the Tf ligand provides contact with the TfR present on the cell surface, coordinating TfR-mediated transport into cells via clathrin-mediated endocytosis. 60 CPP may enhance nanoparticle non-specific surface interaction with the cell membrane, leading to adsorptive endocytosis and other endocytosis pathways, which could compensate for the possible saturation of TfR. 61 We observed that the designed dual modification on liposomes contributed to a stronger delivery, and consequently, transfection effect in bEnd.3, primary glial and primary neuronal cells compared to non-targeting and single-modified nanoparticles. Furthermore, a consistently superior ability to transfect cells was demonstrated by TAT-Tf-liposomes. Despite the efficient ability to be internalized into cells, pVec and QL conjugation to liposomes did not provide the same gene expression as TAT-modified liposomes. We can speculate as to the reasons behind this difference, which may include the instability of the liposomal formulations to endosomal escape, resistance to enzymatic degradation or release of pDNA, or even the loss of CPP properties. 62 After binding to cell surface and undergoing endocytosis, arginine-rich peptides including TAT have demonstrated an ability to overcome endocytotic vesicles and be detected in the cytosol, which have been attributed to the promotion of endosomal escape. [63] [64] [65] The mechanisms underlying this process remain unclear. Some groups have argued that arginine-rich peptides destabilize or disrupt the endosomal membrane and subsequently access the cytosol. 66 Others claim that escape from endosomes occurs through membrane fusion and the guanidinium groups play a major role, 24 but studies performed with TAT-coupled liposomes proposed inducing lipid fusion to the endosome membrane followed by membrane leakage. 67 Moreover, cationic peptides provide nuclear localization of condensed pDNA. 72 Remarkably, conjugation of two moieties on the DovePress liposome surface was shown to be an important factor in enhancing the transfection efficiency of liposomes. 10 The evaluation of BBB permeability and toxicity through in vitro BBB models has become an important step in the development of formulations focused on brain therapy. This platform not only provides the selection of suitable formulations, and thus reduces the failures in clinical trials, but also can provide a comprehensive study of the mechanisms behind the transport to CNS, the kinetics of the transport, and the expression and functionality of transporters. 43, 68, 69 Liposome transport across the in vitro BBB showed that transport of liposomes modified with TAT and Tf was evidently higher than that of the other liposomal formulations, especially liposomes without surface modifications. Subsequently, TAT-Tf-liposomes efficiently transfected primary neuronal cells. Therefore, this is suggestive evidence that TAT and Tf contributed to the translocation of liposomes across the in vitro BBB, thereby delivering cargo into the cells.
Owing to their superior ability to bypass the in vitro BBB model and transfect primary neuronal cells, liposomes modified with TAT and liposomes modified with TAT and Tf were chosen for biodistribution studies. In the brain of mice, dual-targeting delivery of TAT-Tf-liposomes could be clearly observed as this combination led to significantly higher fluorescent intensity. The role of dual surface modification in the enhancement of liposome transport across the in vitro and in vivo BBB and transfection of neuronal cells has also been observed. 36 The brain-targeted delivery of TAT-Tf-liposomes also implied the reduction of nonspecific accumulations in the lungs and spleen. The quantitative study of biodistribution could reveal accumulations of TAT-Tf-liposomes mainly in the brain, liver and kidneys after 24 hours of administration. Although the designed liposomes could not exclude accumulation in other organs, it is important to emphasize the significant amount of TAT-Tf-modified liposomal nanoparticles quantified in mouse brain in our study, which was also significantly superior to the amounts of TAT-modified liposomes in mouse brain reported in previous studies. 27, 28 Analysis through H&E staining of tissue sections did not show evidence of morphological changes or signs of toxicity after treatment with liposomal formulations. For accurate evaluation of the in vivo toxicity of nanoparticles, assessment of organ-specific biomarkers is recommended, including immunogenicity and genotoxicity markers. 70, 71 Additional detailed investigation of in vivo toxicity of our designed liposomal formulations will be included in our future studies. The dual-target in vivo delivery provided by TAT-Tf-liposomes highlighted the relevance of TfR targeting and the contribution of TAT in enhancing liposome translocation across the BBB and penetration into the brain of mice.
Conclusion
In the present study, we established that the design and screening of dual-modified liposomes using an in vitro BBB model are important steps in the development of efficient brain-targeted gene delivery systems. The liposome system consisted of cholesterol, an equimolar combination of DOTAP and DOPE, and DSPE-PEG 2000 conjugated to Tf and CPP on their surface for targeting and enhanced gene delivery. Liposome characterization showed efficient encapsulation of pDNA, ability to protect the encapsulated pDNA against enzymatic degradation, low hemolytic potential and low cytotoxicity at 100 nM phospholipid concentration. The time-dependent internalization of liposomal formulations into the cells occurred through multiple endocytosis pathways. Dual surface modification was shown to provide an important improvement in the transfection efficiency as well as in the in vitro and in vivo ability of liposomes to cross the BBB. Liposomes modified with TAT and Tf showed a higher ability to overcome the in vitro BBB model and transfect primary neuronal cells, showing greater advantages over the other formulations. In vivo studies confirmed the biocompatibility and ability of TAT-Tf-liposomes, which were shown to cross the BBB and penetrate the brain of mice. Therefore, this system has great potential for effective and safe braintargeted gene delivery. International Journal of Nanomedicine
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